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Edited by Ulf-Ingo Flu¨ggeAbstract The over-expression of the arabidopsis GLUTA-
MINE DUMPER1 gene (GDU1) leads to increased amino acid
content and transport. In a screening for mutations suppressing
this phenotype, a mutant was isolated. The mutation leads to a
glycine to arginine substitution in one of the two conserved do-
mains of the protein, the VIMAG domain. More detailed struc-
ture function relationship analyses showed that the presence of
this domain and the membrane localisation are both necessary
for the function of the GDU1 protein. These results shed light
on the function of the GDU1 protein whose family is speciﬁc
to plants.
 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Proteins are organized in structural units, or domains, that
can fold almost independently of the rest of the protein and
carry out speciﬁc function. Domains endowed with a similar
function share a similar structure and, less often, similar se-
quence [1], allowing them to be grouped into families identiﬁed
in sequence (e.g. Pfam [2]) and structural databases (e.g.
CATH [3]). The increasing number of sequenced genomes is
paralleled by an increasing number of protein families and
structural domains [4]. Although bioinformatics enables the
identiﬁcation of new domains, the role they play in various
proteins requires biological analysis. In plants, the sequencing
of arabidopsis, rice and poplar genomes uncovered plant-spe-
ciﬁc proteins that contain novel domains, whose function is
unknown [5–7].
We previously identiﬁed a novel gene from arabidopsis,
GDU1, which encodes a small membrane protein of unknown
function. The over-expression of GDU1 in arabidopsis leads to
glutamine secretion at leaf margins and dramatic changes in
amino acid transport and content [8]. GDU1 presents no sim-
ilarities with any known proteins or domains, and database
mining suggests that GDU1 and GDU1-similar genes are plant
speciﬁc. Comparison of the sequence of the GDU1-like pro-
teins highlights two conserved domains: a putative transmem-
brane domain and a short region highly conserved among*Corresponding author. Fax: +49 228 73 6557.
E-mail address: gpilot@uni-bonn.de (G. Pilot).
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doi:10.1016/j.febslet.2006.11.064these proteins and called VIMAG according to its hallmark se-
quence.
In this paper, we present a study of the structure–function
relationships of GDU1. These data suggests that the VIMAG
domain deﬁnes a functional domain in plants, speciﬁc to the
GDU family of proteins.2. Material and methods
2.1. Plant growth, mutagenesis and transformation
Arabidopsis thaliana plants (ecotype Columbia, Col-7) were grown in
soil in growth chambers (22 C, 60% relative humidity, 16-h light;
120 lmol/m2/s). About ﬁve batches of 1000 seeds of the gdu1-6D mu-
tant were mutagenised 18 h in 0.3% ethylmethane sulfonate (SIGMA,
Germany) at room temperature. After extensive washing, the seeds
were sown and the M1 was collected in batches of 1000 seeds. Binary
plasmids were introduced into plants using heat shock-transformed
GV3101 (pMP90) Agrobacterium tumefaciens strain and the ﬂoral
dip method. Transgenic plant selection and segregation for kanamycin
resistance analyses were performed in vitro on MS medium (M2031,
Duchefa, Haarlem, The Netherlands) containing 0.7% agar, and 1%
sucrose. Transformation and observation of protoplasts with GFP-
tagged proteins were performed as described [9]. Tobacco plants (Nico-
tiana tabacum var. SNN) were transformed with an Agrobacterium-
mediated gene transfer method using leaf disks [10] with construct C
described in [8]. Regenerated plants were selected on 50 lg/ml kanamy-
cin containing media and transferred to soil for seed production.
2.2. Molecular cloning, plasmid rescue, RNA analyses
GDU1 full-length and C-terminal sequences were ampliﬁed by PCR
with oligonucleotides annealing at the ATG or at the level of residue
61, and at residue 158. The sequence of GDU1 upstream and down-
stream from the VIMAG domain (residues 1–91 and 112–158, respec-
tively) were ampliﬁed by PCR and assembled in pBluescript, to yield
GDU1 DVIMAG. These various DNA fragments were cloned into
binary vectors derivative of pJHA212K [11]: pPTkan and pPGTkan.
The 35S promoter and the Rubisco terminator ﬂank the insert in pPT-
kan, whereas pPGTkan contains the sequence of the GFP cloned up-
stream from the terminator. The localisation of the T-DNA in gdu1-6D
genome was performed by plasmid rescue [12] using genomic DNA ex-
tracted by the CTAB method [13] and digested by EcoRV. RNA was
extracted and analysed as described [8].
2.3. Phylogenic analysis
GDU1-similar sequences were retrieved from tBLASTn analyses
using both GDU1 and GDU6 protein sequences against NR, EST,
GSS, WGS and HTGS databases of Genbank. Contigs were con-
structed per gender by ContigExpress (Invitrogen) using the sequences
of several species to maximize the diversity of the proteins. Protein se-
quences from a single organism were deduced and aligned by CLUS-
TAL X [14]. The multiple sequence alignment was deposited in the
EMBL WebAlign database (ALIGN_001081; ftp://ftp.ebi.ac.uk/pub/
databases/embl/align/). The sequences outside of the membrane do-
main (positions 41–87) and the VIMAG domain (positions 129–154)
were removed for the phylogenic analysis. Phylogenic relationshipsblished by Elsevier B.V. All rights reserved.
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by heuristic parsimony (PAUP4b4a [16]) and distance methods
(Neighbor Joining, CLUSTAL X [14]).
2.4. Amino acid quantitation
Amino acids were extracted from ground and freeze-dried tissues of
arabidopsis by two successive incubations in 80% ethanol at 80 C and
lyophilisation of the pooled supernatants. The extracts were resus-
pended in 400 ll 20% ethanol; 20 ll were mixed with 180 ll water,
200 ll of ninhydrine solution (2.1 M Na propionate, 1.24 M propionic
acid, 50% v/v 2-methoxy-1-ethanol, 2% w/v ninhydrine) and 100 ll
0.1% ascorbic acid in water. The reaction was carried out for 15 min
at 95 C and cooled on ice. After addition of 500 ll 60% EtOH, the
OD570 was determined. Amounts of glycine from 10 to 120 nmol were
used as standard. Amino acids from tobacco leaves were analysed
according to the protocol described in [8].3. Results
3.1. Identiﬁcation of an intragenic suppressor of Gdu1
phenotype
In order to identify the biological process that GDU1 is in-
volved in, a suppressor approach was used to isolate genes that
target the same process. For this purpose a recapitulation line
(gdu1-6D, construct E2 [8]), containing a single T-DNA inser-
tion located in the 3’-UTR of gene At1g30690 (Fig. 1A), was
chosen and mutagenised. After screening of 30,000 M2 proge-
nies, 25 plants presenting no Gdu1 phenotype were isolated.
Nine log1 lines (LOss of Gdu1 phenotype) coming from the
same batch of M1 plants were conﬁrmed having lost the
Gdu1 phenotype and still over-expressing GDU1 at the same
level as the gdu1-6D plant (data not shown). Genetic analysis
of the log1mutants showed that the nine mutations were allelic
and intragenic to the T-DNA (data not shown). Sequencing of
the GDU1 coding sequence contained in the T-DNA showed aA
GDU1 nptII4x35SE LBRB pUC
At1g30690
B
TM VIMAG
WT      L  V  I  M  A  G  E  D  L  P
log1     L  V  I  M  A  R  E  D  L  P
D1 D2 D3
C
hr
 1
Fig. 1. Localisation of gdu1-6D T-DNA in the genome and localisa-
tion of the log1 suppressor mutation in GDU1 ORF. (A) The number
of T-DNA insertion in the genome was resolved by southern blotting
with probes corresponding to GDU1, nptII (neomycin phosphotrans-
ferase) and 4 · 35SE (four times the enhancer of the CaMV 35S
promoter). The T-DNA was located in the genome by plasmid rescue.
LB, RB, respectively left and right borders; pUC, pUC cloning vector
sequence. (B) Localisation of the log1 mutation in GDU1 sequence,
and comparison with the wild type (WT). D1, D2 and D3: domains
outside of the TM and VIMAG domains. TM, transmembrane
domain.non-conservative, G to A mutation, leading to the substitution
of a glycine to an arginine residue in the GDU1 protein.
A partial analysis of the sequence of the GDU1 and GDU1-
related genes (named thereafter GDU genes) previously
showed that these proteins contain two conserved domains: a
membrane domain and a conserved domain, named VIMAG
[8]. The G100R mutation of the log1 mutants resides in the VI-
MAG domain (Fig. 1B). This suggests that the mutated pro-
tein over-expressed in log1 is not functional and hence that
the VIMAG domain is necessary for the function of the pro-
tein. This prompted us to analyse more deeply the structure–
function relationships of GDU1 protein.3.2. Phylogenic analysis of the GDU family
In order to deﬁne the structural properties of GDU1, the se-
quence of GDU proteins were queried against sequence dat-
abases (Methods). GDU1-similar sequences were only found
in higher plants. When available, comparison of EST se-
quences with genomic sequences showed that these genes con-
tain no introns, as in arabidopsis and rice. The sequences of 88
full-length proteins could successfully be retrieved and were
aligned with one another. The proteins share strong similarities
in the membrane and the VIMAG domains (60 ± 20 and
45 ± 11% identity) while the domains D1, D2 and D3
(Fig. 1B) are poorly conserved (about 14, 15 and 9% identity,
respectively). The length of these domains is also very variable
(see below). The phylogeny of the 88 GDU sequences was thus
constructed using the conserved sequences around the mem-
brane and the VIMAG domains. This phylogeny shows that
the proteins can be grouped into ﬁve clades (Fig. 2B and C).
Surprisingly the clades contain proteins of the same taxonomy
group. While the lengths of domains D1 and D2 do not vary
signiﬁcantly among the various clades, D3 domains are much
shorter in proteins from clades Dicot2, Monocot2 and Coni-
fers (Fig. 2A). The proteins of clades Dicot1 share more simi-
larities to one another than the proteins of the other clades as
shown by the shorter length of the branches of this former
clade.
These results show that the sequences of domains D1, D2
and D3 are poorly conserved across the clades, and that the
length of these domains is very variable both within and across
clades. On the contrary, the sequences of the membrane and
the VIMAG domains share extensive similarities. This suggests
that the later domains are functional domains related to the
function of all the GDU proteins, while little function is borne
by domains D1, D2 and D3.3.3. Structure–function analysis of GDU1 in arabidopsis
To further understand the role of each GDU1 domain,
GFP-fusion proteins were analysed in wild type plants and
in protoplasts. The full-length GDU1 protein was localised
near the plasma membrane in a speckled pattern (Fig. 3A,
[8]). The GDU1 G100R and the GDU1 DVIMAG proteins
were similarly localised, as compared with GDU1 (Fig. 3A).
The C-terminal domain of GDU1 fused to the GFP appeared
to be cytosolic (Fig. 3A). This shows that unlike the transmem-
brane domain, the VIMAG domain is not necessary for the
membrane localisation.
The same constructs were stably transformed into wild type
arabidopsis. Only the plants over-expressing the full-length
GDU1 displayed the Gdu1 phenotype. Six lines per construct
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Fig. 2. Phylogenic relationships of the GDU proteins from plants. (A) Comparison of the lengths (number of residues) of the D1, D2 and D3 domain
in the various clades. (B) Consensus tree from a Bayesian analysis of the phylogenic relationships between the GDU proteins. Parameters: mixed
amino acid model, one million generations, two parallel runs and four Monte-Carlo chains, consensus of 19,052 trees. The separation in ﬁve clades
was supported by both parsimony and neighbour joining analyses (data not shown). The name of the gender is indicated (the species used for the
construction of the phylogeny can be found in supplementary material). Asterisks denote monocot taxons inside the Dicot1 clade. Dots on the nodes
indicate clade credibility percentages: black dots > 90%; 90 > white dots > 70%; no percentage was lower than 50%. (C) Enlargement of the Dictot1
clade showing the gender names.
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and accumulation of the mRNA from the transgene. As de-
scribed, the size of the plants decreases and the amino acidcontent increases with the accumulation of GDU1 mRNA
(Fig. 3B, [8]). On the contrary, the size and the amino acid con-
tent did not vary signiﬁcantly for the plants over-expressing
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Fig. 3. GDU1 structure–function relationships. (A) Localisation of
the GFP-tagged proteins in arabidopsis protoplasts by confocal
microscopy. TM: transmembrane domain, VIMAG: VIMAG domain.
(B) Relationship between the accumulation of the mRNA of the
transgene (closed diamonds: GDU1; open squares: GDU1 DVIMAG;
open triangles: C-term GDU1) reported to Act2 mRNA accumulation
and the size and the amino acid content of the plants. Vertical bars:
standard deviation (n > 8 for size and n = 4 for amino acid content).
Horizontal bars: maximum and minimum values (n = 2).
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of GDU1 (Fig. 3B). These data show that the presence of an
intact VIMAG domain is necessary for the GDU1 protein to
be able to lead to the Gdu1 phenotype. Furthermore, the VI-
MAG domain needs to be membrane associated to be func-
tional as its over-accumulation in the cytosol is unable to
lead to the Gdu1 phenotype.3.4. Ectopic expression of GDU1 in tobacco
To further understand the role of the D1, D2 and D3 do-
mains, AtGDU1 was over-expressed in tobacco. The rationale
was that these domains, being very diﬀerent from one another,
might confer speciﬁcity in ligand-binding or in interaction with
a target of the VIMAG domain. AtGDU1 and the closest sim-
ilar protein found in tobacco (NtGDU1) share 32% overall
identity, but only 10, 17 and 17%, respectively, in the domains
D1, D2 and D3, most of the similarities being carried by the
transmembrane and the VIMAG domains (87 and 60% iden-
tity, respectively). Half of the T1 transformants were small, se-
creted glutamine and presented abnormal leaves (data not
shown), a phenotype reminiscent of the Gdu1 phenotype in
arabidopsis. Four independent T1 transformants were ana-
lysed presenting various strengths of this phenotype. As shown
for arabidopsis (Fig. 3B, [8]) amino acid content is linearly re-
lated to GDU1 mRNA accumulation (Fig. 4A). The accumula-
tion of each single amino acid was found to be similar to that
observed for arabidopsis: strong increases in the contents in
glutamine, proline, and the basic amino acids (Fig. 4B, [8]).
These data show that the heterologous over-expression of
AtGDU1 in tobacco leads to a phenotype that is identical
to the one produced in arabidopsis. This suggests that the
functionality of AtGDU1 in tobacco is not altered by the
sequence diﬀerences of domains D1, D2 and D3.4. Discussion
Over-expression of the AtGDU1 gene leads to a signiﬁcant
increase in amino acid content and transport in planta. The
role of GDU1 could not be deduced from the primary protein
sequence or the expression pattern. An EMS suppressor
screening aiming at identifying putatively known genes in-
volved in the same pathway was initiated. One of the suppres-
sor mutants was shown to be aﬀected in the sequence of the
conserved VIMAG domain. Along with a single transmem-
brane span, the VIMAG domain is the hallmark of the
GDU proteins. These proteins are found only in higher plants
suggesting a role linked to the vasculature, such as solute
transport. We predict that in the case of GDU1, the protein
may be involved in amino acid export and/or import. The fact
that the suppressor mutation, a G to R non-conservative sub-
stitution, lays in the VIMAG domain shows that this domain
is necessary for the function of the protein. This substitution
does not change the secondary structure predicted for the VI-
MAG domain (a b-strand; data not shown), suggesting that
the structure of the protein was not abolished.
The structure–function relationship analyses presented here
show that both conserved transmembrane and VIMAG
domains are necessary for GDU1 to lead to the Gdu1 pheno-
type when over-expressed in plants. These domains are the
most conserved among the GDU proteins, the other parts of
the protein sharing poor sequence similarities. It thus seems
that the role of the transmembrane domain is to anchor the
protein in the membrane, possibly certain regions of the mem-
brane. This location is necessary for the function of the protein
as over-expression of the C-terminal domain containing an
intact VIMAG domain is unable to lead to the Gdu1 pheno-
type. The VIMAG domain needs thus to be closely associated
with the membrane and possibly to membrane proteins. On the
contrary, the regions outside of the transmembrane and
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teins, in sequence and in length (especially the region D3).
AtGDU1 over-expression in tobacco leads to the Gdu1 phe-
notype while the sequences of the D1, D2 and D3 domains
are poorly conserved between tobacco and arabidopsis. This
suggests that these sequences are not critical for the function-
ality of GDU1 concerning its capability to lead to the Gdu1
phenotype when over-expressed. The exact contribution of
these domains to the function of the protein requires further
work.
The GDU proteins can be grouped in four clades according
to the sequence of the conserved domains. Interestingly, these
clades contains essentially proteins of the same taxonomic
family (dicots, monocots and conifers), unlike other families
of proteins (e.g. Shaker-like K+ channels [17] or expansin
[18]). The clades Monocot1 and Dicot1 are composed of pro-
teins with long D3 domains and are closely related to one an-
other, while the three other clades (Dicot2, Monocot2 and
Conifers) are composed of proteins with short D3 domain
and showing more variability in the sequence of the transmem-
brane and VMAG domains. It can be hypothesised that these
two tendencies represent proteins of diﬀerent functional prop-
erties and roles in the plant.
This work shows that the conserved VIMAG domain of the
GDU proteins is indeed a functional domain. Because this do-
main is hydrophobic and cannot constitute a transmembrane
domain per se, it is possible that it deﬁnes an interaction do-
main with other proteins [19]. The GDU proteins could then
interact with proteins located at the membrane, either associ-
ated or integral, and be involved in the various pathways of
amino acid transport.
Acknowledgements: The authors thank Prof. W.B. Frommer for sup-
port, C. Brancato for tobacco and arabidopsis protoplast transforma-
tions, T. Sikler for tobacco care in the greenhouse, B. Stadelhofer and
Dr. H. Stransky for HPLC analyses and Dr. J.R. Phillips for criticalreading of the manuscript. The authors are supported by Grants from
the Deutsche Forschungsgemeinschaft to G.P. (PI 607/1-1 and PI 607/
2-1).Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2006.
11.064.References
[1] Orengo, C.A. and Thornton, J.M. (2005) Protein families and
their evolution – a structural perspective. Annu. Rev. Biochem.
74, 867–900.
[2] Bateman, A. et al. (2004) The Pfam protein families database.
Nucleic Acids Res. 32, D138–D141.
[3] Pearl, F. et al. (2005) The CATH Domain Structure Database
and related resources Gene3D and DHS provide comprehensive
domain family information for genome analysis. Nucleic Acids
Res. 33, D247–D251.
[4] Marsden, R.L., Lee, D., Maibaum, M., Yeats, C. and Orengo,
C.A. (2006) Comprehensive genome analysis of 203 genomes
provides structural genomics with new insights into protein family
space. Nucleic Acids Res. 34, 1066–1080.
[5] The Arabidopsis Genome Initiative. (2000) Analysis of the
genome sequence of the ﬂowering plant Arabidopsis thaliana.
Nature 408, 796–815.
[6] Goﬀ, S.A. et al. (2002) A draft sequence of the rice genome
(Oryza sativa L. ssp. japonica). Science 296, 92–100.
[7] Tuskan, G.A. et al. (2006) The genome of black cotton-
wood, Populus trichocarpa (Torr. & Gray). Science 313,
1596–1604.
[8] Pilot, G. et al. (2004) Overexpression of GLUTAMINE DUM-
PER1 leads to hypersecretion of glutamine from hydathodes of
Arabidopsis leaves. Plant Cell 16, 1827–1840.
[9] Su, Y.H., Frommer, W.B. and Ludewig, U. (2004) Molecular and
functional characterization of a family of amino acid transporters
from Arabidopsis. Plant Physiol. 136, 3104–3113.
6966 R. Pratelli, G. Pilot / FEBS Letters 580 (2006) 6961–6966[10] Deblaere, R. et al. (1985) Eﬃcient octopine Ti plasmid-derived
vectors for Agrobacterium-mediated gene transfer to plants.
Nucleic Acids Res. 13, 4777–4788.
[11] Yoo, S.Y. et al. (2005) The 35S promoter used in a selectable
marker gene of a plant transformation vector aﬀects the expres-
sion of the transgene. Planta 221, 523–530.
[12] Weigel, D. et al. (2000) Activation tagging in Arabidopsis. Plant
Physiol. 122, 1003–1014.
[13] Ausubel, F.M. et al. (2006) in: Current protocols in molecular
biology (Chanda, V.B., Ed.), John Wiley and Sons Inc.
[14] Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1997) The
CLUSTAL X windows interface: ﬂexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids
Res. 25, 4876–4882.[15] Ronquist, F. and Huelsenbeck, J.P. (2003) MRBAYES 3:
Bayesian phylogenetic inference under mixed models. Bioinfor-
matics 19, 1572–1574.
[16] Swoﬀord, D.L. (1998) PAUP*. Phylogenetic Analysis Using
Parsimony (* and Other Methods). Version 4. Sinauer Associates,
Sunderland, Massachusetts.
[17] Pilot, G., Pratelli, R., Gaymard, F., Meyer, Y. and Sentenac, H.
(2003) Five group-distribution of the Shaker-like K+ channel
family in higher plants. J. Mol. Evol. 56, 418–434.
[18] Li, Y. et al. (2002) Plant expansins are a complex multigene family
with an ancient evolutionary origin. Plant Physiol. 128, 854–864.
[19] Korkin, D., Davis, F.P. and Sali, A. (2005) Localization of
protein-binding sites within families of proteins. Protein Sci. 14,
2350–2360.
